S
wine influenza virus (SIV) is the causative pathogen of swine influenza (SI), a highly contagious acute respiratory viral disease of swine. The mortality of SIV-infected pigs is usually low, while morbidity may reach 100%. SI is characterized by a sudden onset, coughing, respiratory distress, weight loss, fever, nasal discharge, and rapid recovery (1) .
Three major SIV subtypes, H1N1, H1N2, and H3N2, with multiple genetic and antigenic variants within each subtype, currently circulate in swine populations in North America (2, 3) . The primary method for the control of SIV infections on swine farms is vaccination. The SIV vaccines currently used are inactivated mono-, bi-, or trivalent vaccines containing antigens of SIV H1N1 and H3N2 subtypes. The application of these vaccines reduces the severity of disease but does not provide consistent protection from infection (4) (5) (6) (7) . In addition, these vaccines primarily generate antibody responses with limited or no cell-mediated immunity (CMI). In contrast, live attenuated influenza vaccines (LAIV) provide strong, long-lived cell-mediated and humoral immunity against different influenza virus subtypes with no need for perfect antigen matching (8) (9) (10) (11) . Previously, it was shown that SIVs generated by genetic modifications within the hemagglutinin (HA) or nonstructural (NS) genes are attenuated in pigs (12, 13) . These viruses demonstrated the ability to induce strong cell-mediated and humoral immunity and to provide full protection against homologous SIVs and partial protection against heterologous SIVs (11, (14) (15) (16) (17) . In this study, we describe a novel approach that generates a LAIV candidate containing an H3 subtype of HA derived from a circulating SIV in the genetic background of H1N1 SIV. This genetically engineered vaccine candidate expresses two antigenically different HAs (H1 and H3) on its surface and maintains eight RNA segments with their original packaging signals within its genome. Theoretically, such a virus can serve as a bivalent LAIV, providing complete protection against broader SIV strains in the field.
SIV is a member of the family Orthomyxoviridae and belongs to the Influenzavirus A genus. The genome contains eight singlestranded RNA segments of negative polarity (18) . Each RNA segment encodes at least one viral protein. The HA and neuraminidase (NA) proteins project through the viral envelope and interact with the host immune system (18) . HA is a type I integral membrane glycoprotein that binds to sialic acid-containing receptors on the host cell surface and mediates the fusion of the viral envelope with the endosomal membrane after receptor-mediated endocytosis (18) (19) (20) . In addition, HA is the major antigen against which neutralizing antibodies are synthesized (19) . In contrast, NA protein is a type II integral membrane glycoprotein (19, 21, 22) that plays a crucial role late in the virus life cycle by removing sialic acid from sialyloligosaccharides, thus releasing newly assembled virions from the cell surface and preventing the self-aggregation of the virus (19, 21, 23) . The abundance of each protein differs among virus subtypes; the HA/NA ratio ranges approximately from 4:1 to 10:1 (24) . A balance of competent HA and NA activities appears to be critical for efficient completion of the virus life cycle; however, exogenous bacterial sialidases could be used as substitutes for altered NA activity (23, 25) .
For efficient virus replication, all of the eight viral RNA (vRNA) segments must be packaged into the influenza virus virions. However, the exact mechanism by which these viral RNA segments are incorporated is still not completely understood (18, 26) . The packaging of viral genomes into virions typically involves recognition by viral components of a cis-acting sequence in the viral nucleic acid, the so-called "packaging signal." Such a packaging signal, which is necessary for viral genome segment-specific packaging, was believed to reside in both the 3= and 5= ends of the noncoding regions (NCRs) and the adjacent terminal coding region of each RNA segment (26) (27) (28) (29) (30) (31) (32) (33) (34) . It was demonstrated that foreign genes or influenza virus genes from different types and subtypes could be efficiently cloned between the packaging signals of different influenza virus genes and expressed in the form of proteins (34) (35) (36) (35, 37, 38) . These approaches resulted in the generation of replication-deficient recombinant influenza virus.
Here we report a strategy of generating a recombinant SIV in the background of A/Swine/Saskatchewan/18789/02 (H1N1) (SK02) that possesses eight RNA segments yet expresses the H1 and H3 subtypes of HA. All eight original packaging signals were kept, while the antigenic properties of the virus were changed and improved by replacing the NA segment with the H3 HA coding sequence flanked by the NA packaging signal. The NA activity was supplemented exogenously by the addition of bacterial sialidase (neuraminidase). When propagated in cell culture containing exogenous neuraminidase, this recombinant SIV showed growth properties similar to those of the parental wild-type (WT) SIV. In vivo, the recombinant SIV was highly attenuated and immunogenic and provided complete protection against infection with both H1N1 and H3N2 SIVs.
MATERIALS AND METHODS

Cells and viruses.
Madin-Darby canine kidney (MDCK) cells were cultured in minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS; Invitrogen). 293T (human embryonic kidney) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS. The wild-type A/Swine/Saskatchewan/ 18789/02 (H1N1) (SIV/SK02) and A/Swine/Texas/4199-2/98 (H3N2) (SIV/TX98) viruses were propagated at 37°C in the allantoic cavities of 11-day-old embryonated chicken eggs. The mutant virus SIV/606 (described below) was propagated in tissue culture in the presence of 5 mU/ml Vibrio cholerae neuraminidase (N6514; Sigma-Aldrich). Virus titers were determined on MDCK cells by plaque assays as described previously (39) . Challenge and vaccine stock viruses were purified and prepared as described previously (12) .
Plasmid construction. Plasmid pHW-SIV-NA-H3HA, encoding H3 HA flanked by NA packaging signals, was constructed by modifying an original plasmid, pHW-SIV/SK-NA (12) . Briefly, the NA segment-specific packaging signals at the 3= and 5= ends (202 nucleotides [nt] and 185 nt, respectively) were amplified by PCR using pHW-SIV/SK-NA as the template with the following sets of primers: for amplifying the 3= NA packaging signal, 5=-TAATACGACTCACTATAGGG-3= and 5=-GT CATT TCC GGGAAGTTTTTGCACCCAAGTATTGTTTTCGTAG-3=; for amplifying the 5= NA packaging signal, 5=-GCTGAAATCAGGATAC AAAGATTGAGGCCTTGCTTCTGGGTTG-3= and 5=-ACAGGTGTCC GTGTCGCG-3=. The H3 HA ectodomain (excluding the signal peptide sequence, transmembrane domain, and cytoplasmic tail) from SIV/TX98 was amplified by PCR using pHW-Tx98 HA as the template with primers 5=-CTACGAAAACAATACTTGGGTGCAAAAACTTCCCGGAAAT GAC-3= and 5=-CAACCCAGAAGCAAGGCCTCAATCTTTGTATCCTG ATTTCAGC-3=. The three pieces of PCR products were joined by overlapping PCR. Finally, this PCR product was digested by NaeI/NheI and was used to replace the corresponding part in pHW-SIV/SK-NA (see Fig.  1 ). The DNA of the constructed plasmid was sequenced to ensure that additional mutations were not introduced during the PCR.
Rescue of the recombinant SIV by reverse genetics. The recombinant SIV bearing H1and H3 was rescued using an eight-plasmid reverse genetics system described by Hoffmann et al. (40) . Briefly, 293T and MDCK cells were cocultured at the same density (2.5 ϫ 10 5 cells/well) in a 6-well plate and were maintained in DMEM containing 10% FBS at 37°C under 5% CO 2 for 24 h. One hour prior to transfection, the medium containing FBS was replaced with fresh Opti-MEM (Invitrogen). Cells were transfected with eight plasmid constructs (pHW-SIV/SK-PB2, pHW-SIV/SK-PB1, pHW-SIV/SK-PA, pHW-SIV/SK-HA, pHW-SIV/SK-NP, pHW-SIV-NA-H3HA, pHW-SIV/SK-M, and pHW-SIV/SK-NS) by using TransIT-LT1 transfection reagent (Mirus). Six hours later, the transfection mixture was replaced with 1 ml of fresh Opti-MEM. Twenty-four hours posttransfection, 1 ml of Opti-MEM containing 0.4% bovine serum albumin (BSA), 2 g/ml of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin, and 20 mU/ml Vibrio cholerae neuraminidase were added to the transfected cells. Supernatants were collected at 96 h posttransfection. Cytopathic effect (CPE) was observed after the third consecutive passage on MDCK cells, and the presence of virus was confirmed by a hemagglutination test. This recombinant virus was designated SIV/606.
RT-PCR. Viral RNA was extracted from 100 l of purified SIV/SK02, SIV/TX98, or SIV/606 by using an RNeasy extraction kit (Qiagen) according to the manufacturer's instructions. Ten nanograms of RNA was used in one-step reverse transcription-PCR (RT-PCR) (Express One-Step SYBR GreenER kits; Invitrogen). To detect H1 HA, primers 5=-TGGCCA AACCATGAGACAAC-3= and 5=-GGCGTTATTCCTCAGTTGTG-3= were used in PCR. To detect H3 HA, 5=-CAACCCAGAAGCAAGGCCTC AATCTTTGTATCCTGATTTCAGC-3= and 5=-CGCAATCGCAGGTTT CATAG-3= were used.
Immunoelectron microscopy. Purified SIV/606 particles were applied to a 400-mesh copper grid coated with Formvar carbon film (Electron Microscopy Sciences) and were stained with a mouse monoclonal antibody against influenza virus H1N1 HA (AB128412; Abcam) or a mouse monoclonal antibody against influenza virus A H3 antigen (OBT1560; AbD Serotec). After washing, the grids were incubated with goat anti-mouse IgG conjugated with 10-nm gold particles (Electron Microscopy Sciences). The grids were negatively stained with 2% phosphotungstic acid (Sigma-Aldrich) as described previously (41) .
Western blotting. Western blotting was performed as described previously with minor modifications (42) . MDCK cells (7 ϫ 10 5 ) were plated onto 35-mm dishes and were either mock infected or infected with SIV/ SK02 (H1N1), SIV/TX98 (H3N2), or SIV/606 at a multiplicity of infection (MOI) of 0.01. Forty-eight hours postinfection (hpi), cell monolayers were lysed, and 30 g of total protein was resolved on sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred to nitrocellulose membranes (Bio-Rad). (42) . Infrared (IR) dye-labeled antirabbit IgG or anti-mouse IgG (both from Li-Cor Biotechnology, Lincoln, NE, USA) was used as a secondary antibody for detection. The immunoblots were visualized by using an Odyssey IR scanner according to the manufacturer's instructions (Li-Cor Biotechnology, Lincoln, NE, USA).
Design of animal experiments and sampling.
For the purpose of the study, we designed and executed two animal trials. The first animal trial was carried out to evaluate the attenuation of the mutant virus in pigs. Thirty-four 4-week-old SIV-seronegative pigs (Cudworth Pork Investors Group Inc., Cudworth, Saskatchewan, Canada) were randomly selected and were divided into seven groups ( Table 1 ). All animals were kept separately in isolation rooms until the end of the study. After a week of acclimatization, pigs in all groups were challenged intratracheally (i.t.) with 4 ml of MEM (group 1) or 4 ml of MEM containing either 4 ϫ 10 5 or 4 ϫ 10 6 PFU of SIV/SK02, SIV/TX98, or SIV/606 (groups 2 to 7, respectively) ( Table 1 ). Pigs were monitored daily for 5 consecutive days for the presence of SIV clinical signs and were then humanely euthanized. At necropsy, lung lesions corresponding to SIV infection were examined, recorded, and scored as described previously (12) . Tissue samples from the right apical, cardiac, and diaphragmatic lobes were taken for virus isolation and histopathology (12, 15) . One pathologist scored all slides and was blinded for the experimental groups.
The second animal trial was designed to evaluate whether SIV/606 could protect pigs from viral challenge with homologous parental H1N1 and heterologous H3N2 viruses. Twenty-three 4-week-old SIV-negative pigs were assigned to five groups (Table 2 ). Pigs in groups 1 and 2 were mock vaccinated i.t. with 4 ml of MEM. Pigs in groups 3 and 4 were vaccinated i.t. twice, 3 weeks apart, with 4 ml of MEM containing 4 ϫ 10 6 PFU of SIV/606. Ten days after the second vaccination (day 31), pigs were challenged i.t. with 8 ϫ 10 5 PFU of either the homologous parental virus SIV/SK02 (H1N1) (groups 1 and 3) or the heterologous virus SIV/TX98 (H3N2) (groups 2 and 4). The three pigs in group 5 were used as nonvaccinated and nonchallenged controls. Pigs were monitored daily for clinical signs of SIV infection and were then euthanized on day 5 postchallenge (day 36). Serum and nasal swab samples were collected before and after each vaccination and after the viral challenge. At necropsy, bronchoalveolar lavage fluid (BALF) was collected; lungs were examined for the presence of lesions characteristic of SIV and were scored; and tissue samples from apical, cardiac, and diaphragmatic lung lobes were collected for virus isolation and histopathology. All animal experiments were conducted at the Vaccine and Infectious Disease Organization (VIDO), University of Saskatchewan, according to the ethical guidelines of the University of Saskatchewan and the Canadian Council of Animal Care.
Virus isolation and virus neutralization test (VNT).
Lung samples were weighed, minced, and homogenized in 1 ml of MEM. Samples were clarified by centrifugation, and supernatants were subjected to plaque assays. Virus titers were expressed as PFU per gram of tissue.
The VNT was conducted according to the WHO Manual on Animal Influenza Diagnosis and Surveillance (43) .
Enzyme-linked immunosorbent assay (ELISA). Antigen-specific antibody titers (IgG and IgA) from serum, nasal swabs, and BALF were determined as described previously (11) .
Statistical analysis. Statistical analysis of macroscopic lung lesion scores, virus loads in lung tissues, and antibody titers was performed using GraphPad Prism 5 statistical software (GraphPad Software Inc., San Diego, CA, USA). Differences between the two groups were determined by using the nonparametric Mann-Whitney t test. If the P value was lower than or equal to 0.05, the difference between the groups was considered statistically significant.
RESULTS
Generation of eight-segmented SIV/606 expressing H1 and H3
HAs. Previously, Liu and Air reported that influenza A virus with a large deletion in the NA segment was viable when bacterial neuraminidase was provided in the culture (44), while Fujii et al. identified a distinct NA packaging signal (28) . On the basis of the results of these studies, it was hypothesized that mutant SIV with the NA segment replaced by the HA open reading frame (ORF) flanked by the NA packaging signal would be able to replicate in cell culture in the presence of exogenous bacterial neuraminidase and would be attenuated in vivo. In this study, a recombinant SIV possessing a genome composed of eight RNA segments was constructed ( Fig. 1B) in the background of the SIV/SK02 (H1N1) strain with the following gene modification: segment 6 (NA) of the viral genome was modified by the insertion of the ORF of the HA ectodomain (excluding the signal peptide, transmembrane domain, and cytoplasmic tail sequences) from SIV/TX98 (H3N2) flanked by the NA segment-specific packaging sequences originating from SIV/SK02 (H1N1). The NA sequence included the 3= 19-nt NCR and 183-nt terminal coding region and the 5= 28-nt NCR and 157-nt terminal coding region (Fig. 1A) . After transfection using the eight-plasmid system (40) and three consecutive passages on MDCK cells in the presence of exogenous neuraminidase, a recombinant virus, SIV/606, was rescued. The optimal concentration of exogenous neuraminidase for virus propagation was later adjusted to 5 mU/ml.
Characterization of SIV/606 in vitro. In order to confirm that the recombinant virus SIV/606 possesses both H1 and H3 HA segments in its genome, viral RNA was isolated from purified virions and was subjected to reverse transcription-PCR (RT-PCR) using primers specific for H1 and H3 HAs. As shown in Fig. 2A , PCR products corresponding to the H1 HA segment were detected in the SIV/SK02 and SIV/606 genomes, while PCR amplicons corresponding to the H3 HA segment were observed only in the RNA samples originating from SIV/TX98 and SIV/606. These data demonstrated that chimeric segment 6 is successfully incorporated into the genome of the recombinant virus SIV/606.
To further examine whether both H1 and H3 HAs are expressed, lysates of SIV/606-infected cells were subjected to Western blotting using antibodies specific for H1 HA, H3 HA, and M1 proteins. As shown in Fig. 2B , M1 protein was detected in all virus-infected cells, H1 HA was present in SIV/SK02-and SIV/ 606-infected cells, and H3 HA was detected in SIV/TX98 and SIV/ 606 samples.
In order to demonstrate that both H1 and H3 HAs are incorporated into SIV/606 virions, purified virions were subjected to immunogold microscopy. Figure 2C shows that the majority of SIV/606 virions exhibit spherical enveloped particles with a diameter of approximately 100 nm, resembling the wild-type virions in The replication potential of SIV/606 was investigated in cell culture. In the presence of exogenous bacterial sialidase, SIV/606 formed plaques similar in size to those of the parental WT virus SIV/SK02. In contrast, SIV/606 was not able to replicate in the absence of exogenous sialidase (Fig. 3A) indicating that replication of the recombinant SIV/606 is highly dependent on the presence of exogenously added sialidase. As shown in Fig. 3B , the growth kinetics of SIV/606 was similar to that of the parental virus SIV/SK02. Both viruses reached plateaus at 24 hpi; however, the titer of SIV/606 was approximately 1 log unit lower than that of the parental virus SIV/SK02 (6 ϫ 10 7 PFU/ml for the WT virus; 6.6 ϫ 10 6 PFU/ml for SIV/606). These results indicated that although SIV/606 is slightly attenuated, it is still able to reach a relatively high titer in cell culture, justifying its use as a vaccine seed candidate.
To ensure that modification of the NA segment does not alter virus stability, we propagated mutant SIV/606 by as many as 5 consecutive passages on MDCK cells in the presence of exogenous neuraminidase. RNA was isolated from passage 5 supernatants and was subjected to RT-PCR to confirm the presence of the chimeric H3 segment as well as the H1 segment in the virion. SIV/606 was able to maintain both the H1 HA and H3 HA segments for 5 consecutive passages (data not shown).
SIV/606 is attenuated in pigs. In order to evaluate the pathogenicity of SIV/606, 34 4-week-old SIV-seronegative pigs were randomly selected and were divided into seven groups with 5 pigs per group, except for group 1, which had 4 pigs. Pigs were challenged i.t. with 4 ml MEM containing either 1 ϫ 10 5 (low dose) or 1 ϫ 10 6 (high dose) PFU/ml of SIV/SK02, SIV/TX98, or SIV/606. The animals in the control group were mock infected with medium only (MEM) ( Table 1) . Following challenge, pigs were monitored daily for the presence of clinical signs and for elevation of body temperatures. Five days postchallenge, pigs were euthanized, and necropsies were performed. During the 5-day observation period, respiratory symptoms (sneezing, coughing, and increased respiration) were observed on day 1 in all groups infected with either WT virus, SIV/SK02 or SIV/TX98 (low-dose and high-dose groups). Animals in the control, unchallenged group, as well as animals in both groups that received SIV/606, showed no clinical signs associated with SIV infections. In addition, only animals that were challenged with wild-type SIV (SIV/SK02 or SIV/TX98) showed elevations in body temperatures at 24 h postchallenge (data not shown). These data were consistent with our previous studies (12, 15) .
At necropsy, lungs were removed in toto and the percentage of areas affected with pneumonia was estimated visually for each lung lobe. Total percentage for the entire lung was calculated based on weight proportions of each lung lobe to the total lung volume (45) . The final score represents accumulative scores from all lobes originating from same animal (Fig. 4A) . All pigs infected with SIV/SK02 developed typical SIV lung lesions. These lesions presented as purple to dark red consolidated areas predominant in the cardiac and apical lobes, regardless of the dose used (median lung scores were 9 and 10 in groups 2 and 3, respectively). Pigs infected with SIV/TX98 (H3N2) also developed gross lesions characteristic of SIV in the lungs (median scores were 5 and 5.5 in groups 4 and 5, respectively). In contrast, both groups of SIV/606-infected pigs (groups 6 and 7) showed no or minimal lung lesions characteristic of SIV. Pigs in the control group (group 1) were free of gross lesions.
Tissue samples from the apical, cardiac, and diaphragmatic lobes were collected and processed for virus isolation and histopathology. Viruses were recovered from the lung samples of all animals infected with the wild-type SIVs (groups 2 to 5). The median virus titers in the lungs of pigs infected with SIV/SK02 at low and high doses (groups 2 and 3) were 2.4 ϫ 10 4 PFU/g and 2.6 ϫ 10 4 PFU/g, respectively. As shown in Fig. 4B , the median viral titers in the SIV/TX98-infected groups reached 1 ϫ 10 4 PFU/g (group 4) and 4 ϫ 10 4 PFU/g (group 5). In contrast, no virus was isolated from 4 out of 5 pigs infected with a low dose, and from 2 out of 5 pigs infected with a high dose, of SIV/606. The remaining pigs in these groups had very low virus titers in their lungs (the median titer in group 7 was 2.0 ϫ 10 1 PFU/g). No virus was detected in the control group.
Histopathological lesions were examined using lung tissues from the right apical, cardiac, and diaphragmatic lobes. The most severe microscopic lesions were observed in groups challenged with SIV/SK02 (groups 2 and 3). The dominant histopathology observations in these groups were necrotizing bronchiolitis and interstitial pneumonia (Fig. 5B and C) . Pigs infected with SIV/ TX98 (groups 4 and 5) developed similar histopathological changes in the lungs ( Fig. 5D and E) , although they were less severe than those in the SIV/SK02-infected groups. SIV/606-infected pigs (groups 6 and 7) showed minor histopathological changes, consisting of mild interstitial thickening and peribronchial neutrophil infiltration ( Fig. 5F and G) . Lung sections from mock-infected pigs showed no microscopic lesions (Fig. 5A) . These results indicated that the mutant virus SIV/606 is highly attenuated in pigs.
Antibody titers after SIV/606 vaccination. To determine whether SIV/606 is immunogenic and able to provide protection against homologous and heterologous SIV infections in pigs, we proceeded with a vaccination and viral challenge study. Twentythree H1N1-and H3N2-seronegative pigs were randomly selected and were divided into five groups (Table 2 ). Pigs in groups 1 and 2 were mock vaccinated with MEM, while pigs in groups 3 and 4 were vaccinated i.t. with 4 ϫ 10 6 PFU of SIV/606. Pigs in group 5 served as nonvaccinated and nonchallenged controls. Three weeks after the first vaccination, pigs in all groups were revaccinated with the same vaccine material. Ten days after the second vaccination (day 31), pigs were challenged i.t. with either WT SIV/SK02 or WT SIV/TX98; they were euthanized on day 5 postinfection (day 36). Serum and nasal swab samples were collected prior to each vaccination and before challenge (days 0, 21, and 31). Antigen-specific serum IgG and nasal IgA titers were determined by ELISA. The first vaccination with SIV/606 resulted in significant increases in the titers of serum IgG specific to SIV/SK02 (median antibody titer, 158.5; P, Ͻ0.0001). The antibody titers continued to rise and reached a median value of 1,323 (P, Ͻ0.0001) after the second vaccination with SIV/606 (Fig. 6A) . The titers of IgG against SIV/ TX98 in serum did not show significant increases after one vaccination; however, antibody titers rose significantly after the second vaccination (median antibody titer, 614.5; P, Ͻ0.0001) (Fig. 6B) .
To assess the presence of IgA antibodies specific to H1N1 and H3N2 influenza A viruses at the mucosal surfaces in the upper and lower respiratory tracts, nasal swabs and BALF samples from pigs in all groups were collected and tested by ELISA. As seen in Fig. 6C and D, the first vaccination with SIV/606 induced low to moderate increases in IgA levels at nasal mucosal surfaces, while after the second vaccination, levels of IgA antibody specific to SIV/SK02 and SIV/TX98 were significantly increased, with median titers of 302 and 137, respectively (P, Ͻ0.0001 and 0.003, respectively). BALF samples were collected at necropsy on day 5 after the viral challenge ( Fig. 6E and F) . SIV/ SK02-and SIV/TX98-specific IgA titers from BALF were significantly induced in both SIV/606-vaccinated and challenged groups (median titers, 3,050 for group 3 and 915 for group 4 [P, 0.0079 in both cases]).
Vaccination with SIV/606 induced neutralizing antibodies against both H1N1 and H3N2 SIVs in serum. Neutralizing antibodies in serum against SIV/SK02 (H1N1) and SIV/TX98 (H3N2) were evaluated using samples prior to the challenge with wild-type viruses (day 31). As seen in Fig. 6G , two vaccinations with SIV/606 induced considerable levels of neutralizing antibodies against H1N1 and H3N2 SIVs (median titers, 640 and 480, respectively). None of the pigs in the MEM control group had detectable neutralizing antibodies against either of the SIVs tested.
Vaccination with SIV/606 provides protection against H1N1 and H3N2 SIV infection in pigs. Following viral challenge (day 31), pigs in all groups were monitored daily for the presence of clinical signs characteristic of SIV and were humanely euthanized on day 36. In agreement with our previous observations, pigs in the mock-vaccinated and challenged groups (groups 1 and 2) showed increases in body temperatures at 24 h postchallenge (mean temperatures, 40.9°C and 40.1°C). In contrast, the pigs in SIV/606-vaccinated and challenged groups (group 3 and 4) had temperatures within the normal range (39.5 Ϯ 0.5°C) during the 5-day observation period (Fig. 7A and B) . No other clinical signs were observed in any experimental groups.
At necropsy, lungs were examined and were scored according to the presence and severity of gross lesions characteristic of SIV (Fig. 7C) . All unvaccinated pigs challenged with either SIV/SK02 or SIV/TX98 (groups 1 and 2) had gross lesions typical for SIV, consisting of clearly demarcated dark purple consolidated areas found mostly in the apical and cardiac lobes. The median lung scores for these two groups were 7 and 8, respectively. Pigs vaccinated with SIV/606 and challenged with either SIV/SK02 or SIV/ TX98 had no detectable gross lesions in the lungs at necropsy. Viral loads in the lungs of infected pigs were determined from the tissue samples of the right apical, cardiac, and diaphragmatic lobes collected at necropsy (Fig. 7D) . SIV/SK02 was detected in the lung tissues from all pigs in the unvaccinated, SIV/SK02-challenged group (median viral titer, 2 ϫ 10 4 PFU/g). Virus was recovered from 1 of 5 unvaccinated, SIV/TX98-challenged pigs (group 2) (Fig. 7D) . The poor recovery of SIV/TX98 can be attributed to the lower pathogenicity of this strain than of SIV/SK02 and the increased immunity of the pigs, which correlated with their age. This observation was consistent with those from previous studies using SIV/TX98 (46) . No virus was detected in the lung samples of pigs in the SIV/606-vaccinated, SIV-challenged groups (groups 3 and 4) (Fig. 7D) .
The histopathology findings were consistent with the necropsy observations. Microscopic lesions were examined using lung tissue samples taken from the right apical, cardiac, and diaphragmatic lobes at necropsy. As shown in Fig. 8B and D, severe to moderate histopathological lesions were observed in the lung samples of unvaccinated pigs challenged with SIV/SK02 or SIV/TX98. The dominant microscopic observations in these two groups were moderate to severe necrosis of bronchiolar epithelium, hypertrophy and hyperplasia of bronchiolar epithelium, peribronchiolar and perivascular lymphocyte and neutrophil infiltration, interstitial thickening, and proliferation of bronchiole-associated lymphoid tissues (BALT). In contrast, no histopathological changes were observed in the lung sections of SIV/606-vaccinated groups challenged with SIV/SK02 or SIV/TX98 (Fig. 8C and E) . These two vaccinated groups maintained healthy bronchiolar epithelium and alveolar structures, with mild microscopic changes predominantly presenting as interstitial thickening. Taking our findings together, even though virus could be detected in only one pig in the mock-vaccinated group challenged with the H3N2 virus, the body temperature and macroscopic and microscopic lung pathology results showed that vaccination with SIV/606 provided protection against challenge with H1N1 and H3N2 viruses.
DISCUSSION
LAIV are recognized as an effective alternative to currently used inactivated-SIV vaccines. Commercially available LAIV in North America are registered for use in humans and horses only. These LAIV are attenuated based on the incorporation of cold-adapted (ca) and/or temperature sensitive (ts) phenotypes into vaccine strains by recombination with a donor strain or by multiple passages of the vaccine strain at low temperatures (47) (48) (49) . Several different experimental live attenuated SIV vaccines have been demonstrated to induce strong cell-mediated immunity (CMI) and humoral immunity, as well as cross-protection against homologous heterotypic and heterologous SIV isolates (11, 16) . Even though these experimental SIV LAIV have advantages over their inactivated counterparts, no LAIV is currently registered for use against SIV infections worldwide.
The mechanism of influenza virus genome packaging has been debated for a long time. However, an increasing number of reports provide convincing evidence to support the selective packaging model (28, 50, 51) . The selective packaging model claims that each of eight vRNA segments possesses a segment-specific packaging signal sequence, allowing the selective incorporation of eight vRNA segments into a fully functional virion. These packaging signal sequences comprise noncoding regions and parts of coding regions at both ends of each RNA segment. Along with extensive studies on packaging signals, there have been several experimental attempts to generate a mutant virus carrying a chimeric segment replacing the original ORF with other genes flanked by packaging sequences (28, 34, 52, 53) . A mutant virus carrying a foreign gene in the different influenza virus segments was generated to prove that there are segment-specific packaging sequences for the specific viral RNA to be incorporated into a virion. Segments encoding HA and/or NA, the two major surface glycoproteins, were commonly used as targets for the manipulation and introduction of foreign genes (34, 53) . A seven-segmented influenza A virus in which the HA and NA segments were replaced with the hemagglutinin-esterase fusion (HEF) segment of influenza C virus flanked by HA packaging sequences was generated by Gao et al. (52) . Watanabe et al. described the use of the coding region of vesicular stomatitis virus G glycoprotein flanked by the HA packaging sequence to replace the HA ORF (34) . In addition, Gao et al. reported the generation of a nine-segment virus containing two HAs, one of which was incorporated by replacing the ORF of PB2 with the H3 HA ORF (35) . Very recently, Pena et al. generated a recombinant influenza virus by rearranging the genome of an avian H9N2 virus and expressed the entire H5 HA ORF from the NS segment RNA (54) . All these results suggest the possibility and feasibility of rescuing influenza A viruses by replacing the coding region of HA, NA, or other influenza virus Previous studies demonstrated that an elastase-dependent SIV could be used as a LAIV against homologous, homologous heterotypic, and heterologous SIV isolates (11, 14) . Despite the significant protective efficacy against parental and homotypic SIVs, only partial protection was elicited against the heterologous H3N2 subtype. The partial protection was most likely attributable to the low levels of neutralizing antibodies despite the induction of strong CMI and cross-reactive antibodies in serum and BALF. In an effort to increase the efficacy of protection against heterologous SIV infections in pigs, it was hypothesized that a live virus expressing two HAs of different subtypes would be able to induce potent CMI and humoral immunity, resulting in high titers of neutralizing antibodies that would provide protection against the two dominant circulating strains within the swine population. To overcome the stability issues for mutant viruses where an additional segment is incorporated into the virion, we utilized an approach retaining the eight original packaging signals while replacing the ectodomain of NA with the ectodomain of H3 HA. It is well documented that the enzymatic function of influenza virus NA can be replaced by the addition of exogenous sialidases (44, 55) . Therefore, in the present study, we generated a mutant SIV that expresses two HAs, H1 and H3, by replacing the NA segment with the H3 HA coding sequence flanked by NA packaging sequences in order to ensure the incorporation of all eight segments into the virion.
SIV/SK02 (H1N1) is an influenza virus of avian origin isolated from Canadian pigs that possesses genetic and antigenic differences from classical SIV (2). The H3 HA coding region originated from the triple-reassortant H3N2 virus SIV/TX98 (56) . Using molecular techniques and reverse genetics, we successfully rescued a mutant virus bearing a chimeric NA-HA segment in the presence of an exogenously added neuraminidase substitute (bacterial sialidase). The incorporation of the H1 HA segment and the NA segment containing the H3 HA coding region into the virion was confirmed by PCR ( Fig. 2A) . The expression and incorporation of both the H1 and H3 HAs was further confirmed by Western blotting and immunoelectron microscopy ( Fig. 2B and C) . The replacement of the NA ORF with the H3 HA ORF resulted in the loss of the natural influenza virus neuraminidase enzymatic activity and reduced the replication potential of the mutant virus SIV/606. Without the NA activity, progeny virions will remain attached to the cellular membrane, unable to cleave sialic acids and initiate a new replication cycle, resulting in virus attenuation. In addition, these attached virions will serve as targets for the host immune system, inducing both CMI and humoral immune responses in animals. The replication ability of the mutant virus SIV/606 was highly dependent on exogenously provided neuraminidase (Fig.  3A) , as evidenced by the fact that the mutant virus was able to replicate and form visible plaques only in the presence of exogenous neuraminidase (Fig. 3A) . However, the kinetics and virus yield of SIV/606 were slightly lower than those of the WT virus SIV/SK02 (Fig. 3B) . These results suggested that the mutant virus SIV/606 was able to maintain its modified genome after multiple passages and to replicate, with a considerable yield, in tissue culture when propagated in the presence of exogenous neuraminidase.
Based on previous experience with elastase-dependent SIV, which exhibited restricted replication in vivo due to the lack of elastase (12) , it was anticipated that SIV/606 would behave in a similar manner, displaying altered replication due to the lack of neuraminidase activity in vivo. The pathogenicity and attenuation level of the mutant virus SIV/606 were evaluated in pigs. Necropsy and histopathology results indicated that the mutant virus SIV/ 606 was attenuated in vivo. Minimal gross lesions in the lungs and low virus titers in 4 of 10 challenged pigs corresponded to histopathology findings characterized by mild peribronchial infiltration of polymorphonuclear cells and neutrophils. Taken together, these findings suggested limited viral replication and limited induction of inflammatory responses.
The presence of neuraminidase in the respiratory organs of swine is not well defined. However, Lillehoj et al. reported sialidase activity in human airway epithelial cells derived from lysosomal neuraminidase (NEU1) (57) . Clostridium perfringens neuraminidase, which is highly homologous to NEU1 (58) , was unable to support SIV/606 replication in vitro (data not shown), possibly because the neuraminidase activity of Clostridium perfringens has optimal pH and calcium ion requirements different from those of Vibrio cholerae (59) .
To evaluate the efficacy of the mutant virus SIV/606, pigs were vaccinated twice, 3 weeks apart, by the i.t. route and were challenged with either the homologous H1N1 virus SIV/SK02 or the heterologous H3N2 virus SIV/TX98. We based our choice of the i.t. route of vaccination on the following rationale: the vaccine efficacy would be dependent largely on the first cycle of SIV/606 infection; thus, for a proof-of-concept study, we wanted to ensure that 100% of the SIV/606 would be delivered to the respiratory tract. We are aware that this is not an optimal route for field application; we are currently pursuing an intranasal vaccination study. As in our previous studies with elastase-dependent LAIV (11), SIV/606 was evaluated for efficacy following SIV challenge by monitoring clinical signs, evaluating macroscopic and microscopic lung lesions, and determining virus loads and antibody responses in serum, nasal mucosae, and BALF. SIV/606-vaccinated animals showed no clinical signs of SIV, had no or minimal macroscopic and microscopic lesions, and demonstrated sterile immunity to the challenges with the homologous H1N1 virus SIV/ SK02 and the heterologous H3N2 virus SIV/TX98. Two vaccinations with SIV/606 induced antigen-specific IgG and IgA in serum and mucosal surfaces of the upper and lower respiratory tracts. In addition, SIV/606 was able to induce neutralizing antibodies in serum against both the homologous H1N1 virus SIV/SK02 and the heterologous H3N2 virus SIV/TX98, suggesting that the presence of neutralizing antibodies is required to provide sterile immunity against heterologous viruses.
In this study, we described a novel strategy to generate LAIV against SIV infections. The mutant virus we constructed was able to express two dominant antigenic forms of HA on its virions without altering its stability and replication ability under optimal experimental conditions. This novel mutant virus was highly attenuated in vivo but capable of inducing strong immune responses, which resulted in complete sterile protection against two antigenically distinct circulating SIVs. To better understand the mechanism of protection by this novel SIV vaccine candidate, future studies will include more-detailed examination of immune responses, as well as of the intranasal route of vaccination, the vaccine dosage, and the regimen.
